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Abstract of EP1 295963 

A method is disclosed for depositing an optical quality silica film on a wafer by PECVD. The flows rates for 
a raw material gas, an oxidation gas, a carrier gas, and a dopant gas are first set at predetermined levels. 
The total deposition pressure is set at a predetermined level. The deposited film is then subjected to a 
post deposition heat treatment at a temperature selected to optimize the mechanical properties without 
affecting the optical properties. Finally, the observed FTIR characteristics of the deposited film are 
monitored to produce a film having the desired optical and mechanical properties. This technique permits . 
the production of high quality optical films with reduced stress. 
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(54) Method of depositing an optical quality silica film by PECVD 



(57) A method is disclosed for depositing an optical 
quality silica film on a wafer by PECVD. The flows rates 
for a raw material gas, an oxidation gas, a carrier gas, 
and a dopant gas are first set at predetermined levels. 
The total deposition pressure is set at a predetermined 
level. The deposited film is then subjected to a post dep- 
osition heat treatment at a temperature selected to op- 



timize the mechanical properties without affecting the 
optical properties. Finally, the observed FTIR character- 
istics of the deposited film are monitored to produce a 
film having the desired optical and mechanical proper- 
ties. This technique permits the production of high qual- 
ity optical films with reduced stress. 
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Description 

[0001] This invention relates to the manufacture of 
high quality optical films, and in particular to a method 
of depositing an optical quality silica film by PECVD. The 5 
invention can be applied to the manufacture of photonic 
devices, for example, Mux/Demux devices for use fiber 
optic communications. 

[0002] The manufacture of integrated optical devices, 
such as optical Multiplexers (Mux) and Demultiplexers 10 
(Dmux) requires the fabrication of optical quality ele- 
ments, such as waveguides and gratings highly trans- 
parent in the 1.30u.m and 1.55 urn optical bands. These 
silica-based optical elements are basically composed of 
three layers: buffer, core and cladding. For reasons of *s 
simplicity, the buffer and cladding layers are typically of 
the same composition and refractive index. In order to 
confine the 1 .55 u.m (and/or 1 .30 urn) wavelength laser 
beam, the core must have a higher refractive index than 
the buffer and cladding layers. The required refractive 20 
index difference is referred to as the 'delta-n' and is one 
of the most important characteristics of these silica- 
based optical elements. 

[0003] It is very difficult to fabricate transparent silica- 
based optical elements in the 1 .55 jim wavelength (and/ 25 
or 1.30 wavelength) optical region while maintaining a 
suitable difference delta-n and preventing stress-in- 
duced mechanical and problems. Our co-pending US 
patent application serial No. 09/799,491 filed on March 
7, 2000 entitled 'Method of Making a Functional Device 30 
with Deposited Layers subject to High Temperature 

- Anneal"-describes~an~improved-Plasma-- Enhanced 

Chemical Vapour Deposition technique for these silica- 
based elements which allows the attainment of the re- 
quired 'delta-n' while eliminating the undesirable resid- 35 
ual Si:N-H oscillators (observed as a FTIR peak cen- 
tered at 3380 cm- 1 whose 2 nd harmonics could cause 
an optical absorption between 1.445 and 1.515 urn), 
SiN-H oscillators (centered at 3420 cm- 1 whose 2 nd har- 
monics could cause an optical absorption between *o 
1.445 and 1.479 urn) and SiO-H oscillators (centered at 
3510 cm- 1 and whose 2 nd harmonics could cause an op- 
tical absorption between 1.408 and 1.441 \im) after a 
high temperature thermal treatment in a nitrogen ambi- 
ent, typically at 800°C. 45 
[0004] With such a high temperature thermal treat- 
ment are associated some residual stress-induced me- 
chanical problems of deep-etched optical elements 
(mechanical movement of the side-walls) and some re- 
sidual stress-induced mechanical problems at the buff- 50 
er/core interface or at the core/cladding interface (mi- 
cro-structural defects, micro-voiding and separation). 
[0005] Recently published literature reveals various 
PECVD approaches to obtain these high performance 
optically transparent silica-based optical elements: Val- 55 
ette S., New integrated optical multiplexer-demultiplex- 
er realized on silicon substrate, ECIO '87, 145, 1987; 
Grand G., Low-loss PECVD silica channel waveguides 



for optical communications, Electron. Lett., 26 (25), 
2135, 1990 ; Bruno F., Plasma-enhanced chemical va- 
por deposition of low-loss SiON optical waveguides at 
1.5-nm wavelength, Applied Optics, 30 (31), 4560, 
1991; Kapser K„ Rapid deposition of high-quality sili- 
con-oxinitride waveguides, IEEE Trans. Photonics 
Tech. Lett., 5 (12), 1991; Lai Q., Simple technologies for 
fabrication of low-loss silica waveguides, Elec. Lett., 28 
(11), 1000, 1992; Lai Q. f Formation of optical slab 
waveguides using thermal oxidation of SiOx, Elec. Lett., 
29 (8), 714, 1993; Liu K., Hybrid optoelectronic digitally 
tunable receiver, SPIE, Vol 2402, 104, 1995; Tu Y., Sin- 
gle-mode SiON/Si02/Si optical waveguides prepared 
by plasma-enhanced Chemical vapor deposition, Fiber 
and integrated optics, 14, 133, 1995; Hoffmann M., Low 
temperature, nitrogen doped waveguides on silicon with 
small core dimensions fabricated by PECVD/RIE, 
ECIO'95, 299, 1995; Bazylenko M., Pure and fluorine- 
doped silica films deposited in a hollow cathode reactor 
for integrated optic applications, J. Vac. Sci. Technol. A 
14 (2), 336, 1996; Poenar D., Optical properties of thin 
film silicon-compatible materials, Appl. Opt. 36 (21), 
5112, 1997; Hoffmann M., Low-loss fiber-matched low- 
temperature PECVD waveguides with small-core di- 
mensions for optical communication systems, IEEE 
Photonics Tech. Lett., 9 (9), 1238, 1997; Pereyra I., High 
quality low temperature DPECVD silicon dioxide, J. 
Non-Crystalline Solids, 212, 225, 1997; Kenyon T. t A lu- 
minescence study of silicon-rich silica and rare-earth 
doped silicon-rich silica, Fourth Int. Symp. Quantum 
Confinement Electrochemical Society, 97-11, 304, 
1 997r Alayo-MrrThiek-SiOxNy and*Si02-films obtained 
by PECVD technique at low temperatures, Thin Solid 
Films, 332, 40, 1998; Bulla D. f Deposition of thick TEOS 
PECVD silicon oxide layers for integrated optical 
waveguide applications, Thin Solid Films, 334, 60, 
1998; Valette S., State of the art of integrated optics 
technology at LETI for achieving passive optical com- 
ponents, J. of Modem Optics, 35 (6), 993, 1988; Ojha 
S., Simple method of fabricating polarization-insensitive 
and very low crosstalk AWG grating devices, Electron. 
Lett., 34 (1), 78, 1998; Johnson C, Thermal annealing 
of waveguides formed by ion implantation of silica-on- 
Si, Nuclear Instruments and Methods in Physics Re- 
search, B141, 670, 1998; Ridder R., Silicon oxynitride 
planar waveguiding structures for application in optical 
communication, IEEE J. of Sel. Top. In Quantum Elec- 
tron., 4 (6), 930, 1998; Germann R., Silicon-oxynitride 
layers for optical waveguide applications, 195 th meeting 
of the Electrochemical Society, 99-1, May 1999, Ab- 
stract 137, 1999; Worhoff K., Plasma enhanced cyhem- 
ical vapor deposition silicon oxynitride optimized for ap- 
plication in integrated optics, Sensors and Actuators, 
74, 9, 1999; and Offrein B., Wavelength tunable optical 
add-after-drop filter with flat passband for WDM net- 
works, IEEE Photonics Tech. Lett., 11 (2), 239, 1999 
[0006] A comparison of these various PECVD tech- 
niques is summarised in Figure 1 which shows the ap- 
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proaches and methods used to modify the 'delta-n' be- 
tween buffer (ciad) and core with post-deposition ther- 
mal treatment. 

[0007] The various techniques can be grouped into 
main categories: PECVD using unknown chemicals, un- 5 
known chemical reactions and unknown boron (B) and/ 
or phosphorus (P) chemicals and unknown chemical re- 
actions to adjust the 'delta-n' (When specified, the post- 
deposition thermal treatments range from 400 to 
1000°C); PECVD using TEOS and unknown means of 10 
adjusting the 'delta-n' (The post-deposition thermal 
treatments are not specified); PECVD using oxidation 
of SiH 4 with 0 2 coupled with silicon ion implantation or 
adjustment of silicon oxide stoichiometry as means of 
adjusting the 'delta-n' (The post-deposition thermal 15 
treatments range from 400 to 1000°C); PECVD using 
oxidation of SiH 4 with 0 2 coupled with the incorporation 
of CF 4 (SiH 4 /0 2 /CF 4 flow ratio) as means of adjusting 
the 'delta-n' (When specified, the post-deposition ther- 
mal treatments range from 1 00 to 1 000°C); PECVD us- 20 
ing oxidation of SiH 4 with N 2 0 coupled with variations 
of N 2 0 concentration (SiH 4 /N 2 0 flow ratio) as means of 
adjusting the silicon oxide stoechiometry and the 'delta- 
n' (The post-deposition thermal treatments range from 
400 to 1100°C); PECVD using oxidation of SiH 4 with 25 
N 2 0 coupled with variations of N 2 0 concentration and 
with the incorporation of Ar (SiH 4 /N 2 0/Ar flow ratio) as 
means of adjusting the silicon oxide stoechiometry and 
the 'delta-n' (The post-deposition thermal treatments is 
1 000°C); PECVD using oxidation of SiH 4 with N 2 0 cou- 30 
pled with the incorporation of NH 3 (SiH 4 /N 2 0/NH 3 flow 
ratio) to form silicon oxynitrides with various 'delta-n' 
(When specified, the post-deposition thermal treat- 
ments range from 700 to 1100°C); PECVD using oxida- 
tion of SiH 4 with N 2 0 coupled with the incorporation of 35 
NH 3 and Ar (SiH 4 /N 2 0/NH 3 /Ar flow ratio) as to form sil- 
icon oxynitrides with various 'delta-n' (The post-deposi- 
tion thermal treatments are not specified); PECVD using 
oxidation of SiH 4 with N 2 0 coupled with the incorpora- 
tion of NH 3 and N 2 chemicals variation (SiH 4 /N 2 0/NH 3 / <o 
N 2 flow ratio) as to form silicon oxynitrides with various 
'delta-n' ( The post-deposition thermal treatments range 
from 850 to 1150°C); PECVD using oxidation of SiH 4 
with N 2 0 and 0 2 coupled with the incorporation of CF 4 , 
N 2 and He (SiH 4 /(N 2 0/N 2 )/02/CF 4 flow ratio) as to form 45 
complex mixtures of carbon and fluorine containing sil- 
icon oxide as means of adjusting the 'delta-n* (The post- 
deposition thermal treatments is 425°C). 
[0008] Our co-pending US patent application serial 
No. 09/833,711 entitled 'Optical Quality Silica Films' de- so 
scribes an improved Plasma Enhanced Chemical Va- 
pour Deposition technique for silica films which shows 
that the independent control of the SiH 4 , N 2 0 and N 2 
gases as well as of the total deposition pressure via an 
automatic control of the pumping speed of the vacuum 55 
pump in a five-dimensional space consisting of a first 
independent variable, the SiH 4 flow; a second inde- 
pendent variable, the N 2 0 flow; a third independent var- 



iable, the N 2 flow; a fourth independent variable; the to- 
tal deposition pressure (controlled by an automatic ad- 
justment of the pumping speed); and the observed film 
characteristics; permits the elimination of the undesira- 
ble residual Si:N-H oscillators (observed as a FTIR peak 
centered at 3380 cnr 1 whose 2 nd harmonics could 
cause an optical absorption between 1.445 and 1.515 
urn), SiN-H oscillators (centered at 3420 crrr 1 whose 2 nd 
harmonics could cause an optical absorption between 
1 .445 and .1 .479 um) and SiO-H oscillators (centered at 
351 0 cm* 1 and whose 2 nd harmonics could cause an op- 
tical absorption between 1 .408 and 1 .441 urn) after ther- 
mal treatment at a low post-deposition temperature of 
800°C to provide improved silica films with reduced op- 
tical absorption in the 1.55jim wavelength (and/or 1.30 
M.m wavelength) optical region. 
[0009] Another co-pending US patent application se- 
rial no. 09/867,662 entitled 'Method of Depositing Opti- 
cal Films" describes a new improved Plasma Enhanced 
Chemical Vapour Deposition technique of silica 
waveguides which shows that the independent control 
of the SiH 4 , N 2 0, N 2 and PH 3 gases as well as of the 
total deposition pressure via an automatic control of the 
pumping speed of the vacuum pump in a six-dimension- 
al space, namely a first independent variable, the SiH 4 
flow; a second independent variable, the N 2 0 flow; a 
third independent variable, the N 2 flow; a fourth inde- 
pendent variable, the PH 3 flow; a fifth independent var- 
iable; the total deposition pressure (controlled by an au- 
tomatic adjustment of the pumping speed); and the ob- 
served waveguides characteristics, is key to achieving 
the required 'delta-n' while still eliminating the undesir- 
able residual Si:N-H oscillators (observed as a FTIR 
peak centered at 3380 cm" 1 whose 2 nd harmonics could 
cause an optical absorption between 1.445 and 1.515 
urn), SiN-H oscillators (centered at 3420 cnr 1 whose 2 nd 
harmonics could cause an optical absorption between 
1 .445 and 1 .479 urn) and SiO-H oscillators (centered at 
351 0 cm- 1 and whose 2 nd harmonics could cause an op- 
tical absorption between 1 .408 and 1 .441 um) after ther- 
mal treatment at a low post-deposition temperature of 
800° C as to provide improved silica waveguides with re- 
duced optical absorption in the 1.55 jim wavelength 
(and/or 1 .30 wavelength) optical region. 
[0010] While these techniques are capable of produc- 
ing optical quality films, they can result in stress-induced 
mechanical problems for deep-etched optical compo- 
nents. 

[001 1] According to the present invention there is pro- 
vided a method of depositing an optical quality silica film 
by PECVD (Plasma Enhanced Chemical Vapor Depo- 
sition), comprising independently setting a predeter- 
mined flow rate for a raw material gas; independently 
setting a predetermined flow rate for an oxidation gas; 
independently setting a predetermined flow rate for a 
carrier gas; independently setting a predetermined total 
deposition pressure; and applying a post deposition 
heat treatment to the deposited film at a temperature 
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selected to optimize the mechanical properties without 
affecting the optical properties of the deposited film. 
[0012] In a preferred embodiment flow rate for a do- 
pant gas is also independently set. The observed FTIR 
characteristics of the deposited film are monitored to de- 
termine the optimum post deposition heat treatment 
temperature. 

[001 3] This technique permits the required 'delta-n' to 
be achieved while eliminating the undesirable residual 
Si:N-H oscillators (observed as a FTIR peak centered 
at 3380 cm- 1 whose 2 nd harmonics could cause an op- 
tical absorption between 1.445 and 1.515 urn), SiN-H 
oscillators (centered at 3420 cm- 1 whose 2 nd harmonics 
could cause an optical absorption between 1 .445 and 
1 .479 urn) and SiO-H oscillators (centered at 3510 cm" 1 
and whose 2 nd harmonics could cause an optical ab- 
sorption between 1.408 and 1.441 ujti) after an opti- 
mised thermal treatment in a nitrogen. The technique 
can provide improved silica-based optical elements with 
reduced optical absorption in the 1.55 u.m wavelength 
(and/or 1.30um wavelength) optical region without the 
residua! stress-induced mechanical problems of deep- 
etched optical elements (mechanical movement of side- 
walls), without the residual stress-induced mechanical 
problems at the buffer/core or core/cladding interfaces 
(micro-structural defects, micro-voiding and separation) 
and without the residual stress-induced optical prob- 
lems (polarisation dependant power loss). 
[0014] The invention will now be described in more 
detail, by way of example only, with reference to the ac- 
companying drawings, in which:- 



Figure 1 is a comparison table showing various 
PECVD approaches for controlling the refractive in- 
dex and reducing the optical absorption of silica 35 
films; 

Figure 2 shows the FTIR fundamental infrared ab- 
sorption peaks and their corresponding higher har- 
monics peaks associated with the residual com- *o 
pounds resulting, from high temperature thermal 
treatments of PECVD silica-based optical compo- 
nents in a nitrogen ambient; 

Figure 3a shows the basic FTIR spectra of various 45 
buffers (claddings) obtained with a typical PECVD 
process after a 180 minutes thermal treatment in a 
nitrogen ambient at various temperatures; 

Figure 3b shows the basic FTIR spectra of various 50 
buffers (claddings) obtained with the PECVD dep- 
osition technique described in our co-pending pat- 
ent application serial no. 09/833,711 and after a 
thermal treatment in a nitrogen ambient at 800°C; 

55 

Figure 3c shows the basic FTIR spectra of various 
cores obtained at 2.60 Torr with the PECVD depo- 
sition technique described in our co-pending patent 



application serial no. 09/799,4091 and after a ther- 
mal treatment in a nitrogen ambient at 800°C; 



810 to 1000 cm- 1 of various cores obtained with the 
-new~PECVD-deposition technique-after a-30 mi n 
utes thermal treatment in a nitrogen ambient at var- 
ious temperatures; * '" 

Figure 5c shows the in-depth FTIR spectra from 
1260 to 1500 cm- 1 of various cores obtained at 2.60 
Torr with the PECVD deposition technique de- 
scribed in our co-pending US patent application se- 
rial no. 09/799,491 after a thermal treatment in a 
nitrogen ambient at 800°C; 

Figure 5d shows the in-depth FTIR spectra from 
1260 to 1500 cm- 1 of various cores obtained with 
the new PECVD deposition technique after a 30 
minutes thermal treatment in a nitrogen ambient at 
various temperatures; 

Figure 6a shows the in-depth FTIR spectra from 
1 500 to 1 600 cm-1 of various buffers (claddings) ob- 
tained with a typical PECVD process after a 180 
minutes thermal treatment in a nitrogen ambient at 
various temperatures; 

Figure 6b shows the in-depth FTIR spectra from 
1 500 to 1 600 cm-1 of various buffers (claddings) ob- 
tained with the PECVD deposition technique de- 
scribed in our co-pending US patent application se- 



Figure 3d shows the basic FTIR spectra of various 
cores obtained with the PECVD deposition tech- 
nique in accordance with the principles of the inven- 
tion and after a 30 minutes thermal treatment in a 
nitrogen ambient at various temperatures; 

Figure 4a shows the in-depth FTIR spectra from 
810 to 1000 cm- 1 of various buffers (dads) obtained 
with a typical PECVD process after a 180 minutes 
thermal treatment in a nitrogen ambient at various 
temperatures; 

Figure 4b shows the in-depth FTIR spectra from 
810 to 1000 cm- 1 of various buffers (dads) obtained 
with the PECVD deposition technique described in 
our co-pending patent application titled 09/833,711 
after a thermal treatment in a nitrogen ambient at 
800°C; 

Figure 4c shows the in-depth FTIR spectra from 810 
to 1000 cm' 1 of various cores obtained at 2.60 Torr 
with the PECVD deposition technique described in 
our co-pending US patent application serial no. 
09/799,491 after a thermal treatment in a nitrogen 
ambient at 800°C; 

Figure 4d shows the in-depth FTIR spectra from 
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rial no. 09/833,711 after a thermal treatment in a ni- 
trogen ambient at 800°C; 

Figure 6c shows the in-depth FTIR spectra from . 
1500to1600cm-1 of various cores obtained at 2.60 5 
Torr with the PECVD deposition technique de- 
scribed in our co-pending US patent application se- 
rial no. 09/799,491 after a thermal treatment in a 
nitrogen ambient at 800°C; 

10 

Figure 6d shows the in-depth FTIR spectra from 
1500 to 1600 cm-1 of various cores obtained with 
the new PECVD deposition technique after a 30 
minutes thermal treatment in a nitrogen ambient at 
various temperatures; is 

Figure 7a shows the in-depth FTIR spectra from 
1 700 to 2200 cm-1 of various buffers (claddings) ob- 
tained with a typical PECVD process after a 180 
minutes thermal treatment in a nitrogen ambient at 20 
various temperatures; 

Figure 7b shows the in-depth FTIR spectra from 
1 700 to 2200 cm- 1 of various buffers (claddings) ob- 
tained with the PECVD deposition technique de- 25 
scribed in our co-pending US patent application se- 
rial no. 09/833,711 after a thermal treatment in a ni- 
trogen ambient at 800°C; 

Figure 7c shows the in-depth FTIR spectra from 30 
1700 to 2200 cm- 1 of various cores obtained at 2.60 
Torr with the PECVD deposition technique de- 
scribed in our co-pending US patent application se- 
rial no. 09/799,491 after a thermal treatment in a 
nitrogen ambient at 800°C; 35 

Figure 7d shows the in-depth FTIR spectra from 
1700 to 2200 cm' 1 of various cores obtained with 
the new PECVD deposition technique after a 30 
minutes thermal treatment in a nitrogen ambient at *o 
various temperatures; 

Figure 8a shows the in-depth FTIR spectra from 
2200 to 2400 cm- 1 of various buffers (cladding) ob- 
tained with a typical PECVD process after a 180 <5 
minutes thermal treatment in a nitrogen ambient at 
various temperatures; 

Figure 8b shows the in-depth FTIR spectra from 
2200 to 2400 cm- 1 of various buffers (claddings) ob- 50 
tained with the PECVD deposition technique de- 
scribed in our co-pending US patent application se- 
rial no. 09/833,711 after a thermal treatment in a ni- 
trogen ambient at 800°C; 

55 

Figure 8c shows the in-depth FTIR spectra from 
2200 to 2400 cm -1 of various cores obtained at 2.60 
Torr with the PECVD deposition technique de- 



scribed in our co-pending US patent application se- 
rial no. 09/799,491 after a thermal treatment in a 
nitrogen ambient at 800°C; 

Figure 8d shows the in-depth FTIR spectra from 
2200 to 2400 cm-1 of various cores obtained with 
the new PECVD deposition technique after a 30 
minutes thermal treatment in a nitrogen ambient at 
various temperatures; 

Figure 9a shows the in-depth FTIR spectra from 
3200 to 3900 cm-1 of various buffers (claddings) ob- 
tained with a typical PECVD process after a 180 
minutes thermal treatment in a nitrogen ambient at 
various temperatures; 

Figure 9b shows the in-depth FTIR spectra from 
3200 to 3900 cm- 1 of various buffers (claddings) ob- 
tained with the PECVD deposition technique de- 
scribed in our co-pending US patent application se- 
rial no. 09/833,711 after a thermal treatment in a ni- 
trogen ambient at 800°C; 

Figure 9c shows the in-depth FTIR spectra from 
3200 to 3900 cm- 1 of various cores obtained at 2.60 
Torr with the PECVD deposition technique de- 
scribed in our co-pending US patent application se- 
rial no. 09/799,491 after a thermal treatment in a 
nitrogen ambient at 800°C; 

Figure 9d shows the in-depth FTIR spectra from 
3200 to 3900 cm-1 of various cores obtained with 
the new PECVD deposition technique after a 30 
minutes thermal treatment in a nitrogen ambient at 
various temperatures; 

Figure 10 shows the stress hysteresis of buffer 
(cladding) and core in a nitrogen ambient using a 
180 minutes stabilization at 800°C; 

Figure 11 is SEM pictures of a grating and of a 
waveguide with quasi-vertical side-walls deep- 
etched through buffer and core; 

Figure 12 shows the gradually sloped side-wall for- 
mation from the elastic strain of deep-etched buffer/ 
core optical elements resulting from the (compres- 
sive stress buffer)/(tensile stress core) combina- 
tion; 

Figure 13 shows side-wall angle measurements of 
neighboring 5.0 u.m wide deep-etched waveguide 
and a 1150ujn wide deep-etched grating; Figures 
13a and 13b show the relative position between an 
isolated 5.0ujti wide deep-etched waveguide and 
its neighboring 1150u.m wide deep-etched grating 
at two different magnifications; Figure 13c shows 
the sidewall of the 5.0|xm wide deep-etched 



5 



9 



EP 1 295 963 A2 



10 



waveguide facing the neighboring grating has a 
slope of about 90°; Figure 13d shows the side-wall 
of the 1150um wide deep-etched grating facing the 
neighboring deep-etched waveguide has a much 
smaller slope of about 84° ; 

Figure 14 shows how the interfacial stress relief of 
the shear stress building at the buffer/core or core/ 
clading interfaces results in a noticeable modifica- 
tion of the micro-structure of these interfaces; 

Figure 15 shows how the interfacial stress relief of 
the shear stress building at the buffer/core or core/ 
cladding interfaces results in an important modifica- 
tion of the micro-structure and in the formation of 
micro-voids in the core and near these interfaces; 

Figure 16 shows the stress relief contraction of the 
tensile stress core during SEM preparation; 

Figure 17 shows the effect of the incidence angle 
of infrared light at the air/core interface on the re- 
flection and transmission of infrared optical power 
(case where the infrared light is incoming from the 
air side of the side-wall of core a waveguide, a grat- 
ing or of an another optical element); and 

Figure 18 shows the effect of the incidence angle 
of infrared light at the air/core interface on the re- 
flection and transmission of infrared optical power 
(case where the infrared light is incoming from the 
-core-side . of-tae-side-wall-of-core- a- waveguide ,-a- 
grating or of an another optical element). 

[0015] The invention can be implemented to create 
PECVD optical quality silica-based optical elements us- 
ing a commercially available PECVD system, the "Con- 
cept One" system manufactured by Novellus Systems 
in California, USA, and a standard diffusion tube. 
[001 6] Figure 2 lists some FTIR fundamental infrared 
absorption peaks and their corresponding higher har- 
monics peaks associated with the various residual com- 
pounds resulting the Plasma Enhanced Chemical Va- 
pour Deposition (PECVD) of buffer (cladding) from a si- 
lane (SiH 4 ) and nitrous oxide (N 2 0) gas mixture at a rel- 
atively low temperature of 400°C using the following re- 
action: 

SiH 4 (g) + 2N 2 0(g) -> Si0 2 + 2N 2 (g) + 2H 2 (g) 

and following high temperature thermal treatments in a 
nitrogen ambient. It will be seen that the FTIR funda- 
mental infrared absorption peaks and their correspond- 
ing higher harmonics peaks associated of the residual 
compounds resulting from high temperature thermal 
treatments of PECVD silica films in a nitrogen ambient 
will contribute to the optical absorption in the 1 .30 to 1 .55 



um optical bands. The second vibration harmonics of 
the HO-H oscillators in trapped water vapour in the mi- 
cro-pores of the silica films (3550 to 3750 cnr 1 ) increase 
the optical absorption near 1 .333 to 1 .408 urn. The sec- 
5 ond vibration harmonics of the SiO-H oscillators in the 
silica films (3470 to 3550 cm* 1 ) increases the optical ab- 
sorption near 1.408 to 1.441 um. The second vibration 
harmonics of the Si:N-H oscillators in the silica films 
(3300 to 3460 cm~ 1 ) increases the optical absorption 
*o near 1 .445 to 1 .51 5 um. The second vibration harmon- 
ics of the SiN-H oscillators in the silica films (3380 to 
3460 cm- 1 ) increases the optical absorption near 1.445 
to 1.479 um. The third vibration harmonics of the Si-H 
oscillators in the silica films (2210 to 2310 cm- 1 ) increas- 
es es the optical absorption near 1 .443 to 1 .505 um. The 
fourth vibration harmonics of the Si=0 oscillators in the 
silica films (1800 to 1950 cm- 1 ) increases the optical ab- 
sorption near 1 .282 to 1 .389 um. The fifth vibration har- 
monics of the N=N oscillators in the silica films (1530 to 
20 1 580 cm- 1 ) increases the optical absorption near 1 .266 
to 1.307 um. 

[001 7] The negative effects of these the oscillators on 
the optical properties of silica-based optical compo- 
nents are reported in the literature. See, for example, 

25 Grand G., Low-loss PECVD silica channel waveguides 
for optical communications, Electron. Lett., 26 (25), 
2135, 1990; Bruno F., Plasma-enhanced chemical va- 
por deposition of low-loss SiON optical waveguides at 
1.5-um wavelength, Applied Optics, 30 (31), 4560, 

30 1991 ; Imoto K., High refractive index difference and, low 
loss optical waveguide fabricated by low temperature 

processeSpElectronic Letters; 29 (-12)r-1993rHofrmann 

M., Low temperature, nitrogen doped waveguides on sil- 
icon with small core dimensions fabricated by PECVD/ 

35 RlE, ECIO'95, 299, 1995; Bazylenko M., Pure and fluo- 
rine-doped silica films deposited jn a hollow cathode re- 
actor for integrated optic applications, J. Vac. Sci. 
[0018] Technol. A 14 (2), 336, 1996; Pereyra I., High 
quality low temperature DPECVD silicon dioxide, J. 

40 Non-Crystalline Solids, 212, 225, 1997; Kenyon T., A lu- 
minescence study of silicon-rich silica and rare-earth 
doped silicon-rich silica, Electrochem. Soc. Proc. Vol. 
. 97-11, 304, 1997; Alayo M., Thick SiOxNy and Si02 
films obtained by PECVD technique at low tempera- 

45 tures, Thin Solid Films, 332, 40, 1998. Germann R., Sil- 
icon-oxynitride layers for optical waveguide applica- 
tions, 195 th meeting of the Electrochemical Society, 
99-1, May 1999, Abstract 137, 1999; Worhoff K., Plasma 
enhanced chemical vapor deposition silicon oxynitride 

50 optimized for application in integrated optics, Sensors 
and Actuators, 74, 9, 1999. 

[0019] This literature describes the tentative elimina- 
tion of optical absorption (i.e. of the six residual oscilla- 
tors) using thermal decomposition reactions during ther- 
55 mal treatments under a nitrogen ambient at a maximum 
temperature lower than 1350°C, the fusion point of the 
silicon wafer. 
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Comparative Examples 

[0020] Optical absorption of typical PECVD buffer 
(cladding) following a 180 minutes thermal treatment in 
a nitrogen ambient at various high temperatures 
[0021] Figure 3a, Figure 4a, Figure 6a, Figure 7a, Fig- 
ure 8a and Figure 9a show the FTIR spectra of typically 
deposited PECVD silica films before and after a 180 
minutes long high temperature thermal treatment in a 
nitrogen ambient at a temperature of either 600, 700, 
800, 900, 1000 or 1100°C. It can be seen that the higher 
the thermal decomposition temperature of the high tem- 
perature thermal treatment in a nitrogen ambient, the 
better the basic FTIR spectra of the treated silica films. 
[0022] Figure 3a shows the expected gradually more 
intense and smaller FWHM Si-O-Si "rocking mode" ab- 
sorption peak (centred at 460 cm- 1 ) and Si-OSi "in- 
phase-stretching mode" absorption peak (centred at 
1080 cnrr 1 ) as the temperature of the 180 minutes long 
thermal treatment in a nitrogen ambient is increased 
from600 o Cto1100°C. 

[0023] Figure 4a shows that the elimination of the 
Si-OH oscillators (centered at 885 cm- 1 ) is easy and al- 
ready complete after the 180 minutes long thermal treat- 
ment in a nitrogen ambient at 600°C. Figure 4a also 
shows that the elimination of the Si-ON oscillators (cen- 
tred at 950 cm- 1 ) is much more difficult and that the high- 
er the temperature of the 180 minutes long thermal treat- 
ment in a nitrogen ambient, the more nitrogen incorpo- 
ration as Si-ON oscillators (i.e. as SiONH and/or SiON 2 
compounds). 

[0024] Figure 6a shows that the elimination of the 
N=N oscillators (centered at 1555 cm -1 ) is also very dif- 
ficult and does require the temperature of the high tem- 
perature thermal treatment in a nitrogen ambient to 
reach 1000°C. 

[0025] Figure 7a shows that there is very little influ- 
ence of the temperature of the high temperature thermal 
treatment in a nitrogen ambient on the Si=0 oscillators 
(centered at 1875 cm- 1 ) and on the unknown oscillator 
(centered at 2010 cm- 1 ). 

[0026] Figure 8a shows that the elimination of the Si- 
H oscillators (centered at 2260 cm -1 and whose 3 rd har- 
monics could cause an optical absorption between 
1 .443 and 1 .508 u,m) is easy and already complete after 
the 180 minutes long thermal treatment in a nitrogen 
ambient at 600°C. 

[0027] Figure 9a shows that the elimination of the Si: 
N-H oscillators (centered at 3380 cm- 1 whose 2 nd har- 
monics could cause an optical absorption between 
1.445 and 1.515 |xm) is also very difficult and does re- 
quire the temperature of the high temperature thermal 
treatment in a nitrogen ambient to reach 1100°C. The 
complete elimination of the Si:N-H oscillators is ex- 
tremely difficult because the nitrogen atoms of these os- 
cillators are bonded to the silicon atoms of the Si0 2 net- 
work via two covalent bonds. Figure 9a also shows that 
the elimination of the SiN-H oscillators (centered at 3420 



cm -1 whose 2 nd harmonics could cause an optical ab- 
sorption between 1 .445 and 1 .479 ujn) is almost as dif- 
ficult and does require the temperature of the high tem- 
perature thermal treatment in a nitrogen ambient to 

5 reach 1 000°C. Figure 9a also shows that the elimination 
of the SiO-H oscillators (centered at 3510 cm" 1 and 
whose 2 nd harmonics could cause an optical absorption 
between 1 .408 and 1 .441 |im) is slightly easier and does 
require the temperature of the high temperature thermal 

10 treatment in a nitrogen ambient to reach 900°C. Finally, 
Figure 9a also shows that the elimination of the HO-H 
oscillators (centered at 3650 cm- 1 and whose 2 nd har- 
monics could cause an optical absorption between 
1 .333 and 1 .408 u.m) is very easy since already com- 

is piete after the high temperature thermal treatment in a 
nitrogen ambient of only 600°C. 
[0028] It is apparent from the various FTIR spectra 
that it is necessary to use extremely high temperature 
thermal treatments in a nitrogen ambient in order to 

20 eliminate the residual optical absorption of typically de- 
posited PECVD silica films. In particular, it is demon- 
strated that the elimination of the residual nitrogen and 
hydrogen of typically deposited PECVD silica films is 
very difficult since the residual Si:N-H oscillators (whose 

25 2 nd harmonics could cause an optical absorption be- 
tween 1.445 and 1.515 p.m) requires a temperature of 
1100°C because the nitrogen atoms of these oscillators 
are bonded to the silicon atoms of the Si0 2 network via 
two covalent bonds, the elimination of the SiN-H oscil- 

30 lators (whose 2 nd harmonics could cause an optical ab- 
sorption between 1 .445 and 1 .479 urn) requires a tem- 
perature of 1 000°C, and the elimination of the SiO-H os- 
cillators (whose 2 nd harmonics could cause an optical 
absorption between 1.408 and 1.441 urn) requires a 

35 temperature of 900°C. 

[0029] It is very difficult to achieve high optical quality 
silica-based optical components from typically deposit- 
ed PECVD silica films using thermal treatments in nitro- 
gen ambient at temperatures lower than 1 1 00°C. 

40 [0030] Our co-pending US patent application serial 
no. 09/833,711 describes an improved Plasma En- 
hanced Chemical Vapour Deposition technique for silica 
films which involves the independent control of the SiH 4 , 
N 2 0 and N 2 gases as well as of the total deposition pres- 

45 sure via an automatic control of the pumping speed of 
the vacuum pump in a five-dimensional space. The first 
independent variable, the SiH 4 gas flow, is fixed at 0.20 
std litre/min. The second independent variable, the N 2 0 
gas flow, is fixed at 6.00 std litre/min. The third inde- 

50 pendent variable, the N 2 gas flow, being fixed at 3.15 
std litre/min. The fourth independent variable, the total 
deposition pressure, being varied between of 2.00 Torr, 
2.10 Torr, 2.20 Torr, 2.30 Torr, 2.40 Torr, 2.50 Torr, and 
2.60 Torr. The fifth dimension is the observed FTIR char- 

55 acteristics of various buffers (claddings), as reported in 
Figure 3b, Figure 4b, Figure 6b, Figure 7b, Figure 8b 
and Figure 9b. 

[0031] The five-dimensional space permits the elimi- 
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nation of these residual nitrogen and hydrogen atoms 
as to achieve high optical quality silica-based optical 
components from typically deposited PECVD silica films 
a 180 minutes thermal treatment in a nitrogen ambient 
at a reduced temperature of 800°C. 5 
[0032] Figure 3b, Figure 4b, Figure 6b, Figure 7b, Fig- 
ure 8b and Figure 9b show the FTIR spectra of PECVD 
silica films deposited using a commercially available 
PECVD system, the "Concept One" system manufac- 
tured by Novellus Systems in California, USA, using the 10 
fixed flow rates of silane (SiH 4 ), of nitrous oxide (N 2 0) 
and of nitrogen (N 2 0), as described in this co-pending 
US patent application serial no. 09/833,711. These 
spectra are obtained before and after a 180 minutes 
thermal treatment in a nitrogen ambient at a reduced 15 
temperature of 800°C in a standard diffusion tube. It is 
clear that the technique described in our co-pending ap- 
plication allows the attainment of high optical quality sil- 
ica films after a 180 minutes thermal treatment in a ni- 
trogen ambient at a reduced temperature of 800°C and 20 
that the independent control of the downstream pres- 
sure of this improved PECVD deposition technique has 
a major effect on the FTIR spectra of the treated silica 
films: 

[0033] Figure 3b shows a more intense and smaller 25 
FWHM Si-O-Si "rocking mode" absorption peak (cen- 
tred at 460 cm- 1 ) and Si-O-Si "in-phase-stretching 
mode" absorption peak (centred at 1080 cm" 1 ) as the 
total deposition pressure is increased from 2.00 Torr to 
2.40 Torr followed by a slight degradation as the pres- 30 
sure is increased further more up to 2.60 Torr; 

[0034]— Figure 4b showsthegradualeliminationof-the 

Si-OH oscillators (centered at 885 cm- 1 ) as the total dep- 
osition pressure is increased from 2.00 Torr up to the 
optimum pressure of 2.40 Torr followed by a slight deg- 35 
radation as the pressure is increased further more up to 
2.60 Torr. Figure 4b also shows the gradual elimination 
of the Si-ON oscillators (centred at 950 cm- 1 ) as the total 
deposition pressure is increased from 2.00 Torr to 2.40 
Torr followed by a slight degradation as the pressure is *o 
increased further more up to 2.60 Torr. The optimum 
separation and deep valley observed at 2.40 Torr is an 
indication that the silica films resulting from this optimum 
deposition pressure are composed of high quality Si0 2 
material. This contrasts with the upper-mentioned re- 45 
suits of typical PECVD silica films which still incorporate 
a lot of Si-ON oscillators even after much higher tem- 
perature thermal treatments in a nitrogen ambient; 
[0035] Figure 6b shows the gradual and total elimina- 
tion of the N=N oscillators (centered at 1555 cm" 1 ) as 50 
the total deposition pressure is increased from 2.00 Torr 
to 2.60 Torr. This also contrasts with the upper-men- 
tioned results of typical PECVD silica films which require 
a 180 minutes thermal treatment in a nitrogen ambient 
at a temperature of 1000°C in order to achieve similar 55 
results; 

[0036] Figure 7b shows the gradual elimination of the 
Si=0 oscillators (centered at 1875 cm" 1 ) and on the un- 



known oscillator (centered at 2010 cm" 1 ) as the total . 
deposition pressure is increased from 2.00 Torr to 2.40 
Torr followed by a slight degradation as the pressure. is 
increased further more up to 2.60 Torr. These effects are 
not that important since only the fourth harmonics of the 
Si=0 oscillators could absorb in the 1 .30 to 1 .55 u.m op- 
tical bands; 

[0037] Figure 8b shows that the Si-H oscillators (cen- 
tered at 2260 cnr 1 and which 3 rd harmonics could cause 
an optical absorption between 1 .443 and 1 .508 urn) are 
completely eliminated for all deposition pressures; 
[0038] Figure 9b shows the spectacular gradual elim- 
ination of the Si:N-H oscillators (centered at 3380 cm- 1 
whose 2 nd harmonics could cause an optical absorption 
between 1.445 and 1.515 urn) as the total deposition 
pressure is increased from 2.00 Torr to 2.60 Torr. This 
contrasts with the upper-mentioned results of typical 
PECVD silica films which require a thermal treatment in 
a nitrogen ambient at a temperature of 1100°C in order 
to achieve similar results. Figure 9b also shows a spec- 
tacular gradual elimination of the SiN-H oscillators (cen- 
tered at 3420 cirr 1 whose 2 nd harmonics could cause 
an optical absorption between 1.445 and 1.479 urn) as 
the total deposition pressure is increased from 2.00 Torr 
to 2.60 Torr. This also contrasts with the upperTmen- . 
tioned results of typical PECVD silica films which require 
a thermal treatment in a nitrogen ambient at a temper- 
ature of 1000°C in order to achieve similar results. Fig- 
ure 9b also shows that the SiO-H oscillators (centered 
at 3510 cnr 1 and whose 2 nd harmonics could cause an 
optical absorption between 1.408 and 1.441 urn) are 
completely-eliminated for~all-deposition pressures. This- 
also contrasts with the upper-mentioned results of typi- 
cal PECVD silica films which require a thermal treatment 
in a nitrogen ambient at a temperature of 900°C in order 
to achieve similar results. Finally, Figure 9b also shows 
that the elimination of the HO-H oscillators (centered at 
3650 cm -1 and whose 2 nd harmonics could cause an op- 
tical absorption between 1 .333 and 1 .408 u/n) are com- 
pletely eliminated for all deposition pressures. 
[0039] It is apparent from the various FTIR spectra 
that our co-pending US patent application serial no. 
09/833,711 prohibits the use of extremely high temper- 
ature thermal treatments in a nitrogen ambient in order 
to eliminate the residual optical absorption of typically 
deposited PECVD silica films. In particular, it is demon- 
strated that the elimination of the residual nitrogen and 
hydrogen of typically deposited PECVD silica films is 
completely achieved after a 180 minutes thermal treat- 
ment in a nitrogen ambient at a reduced temperature of 
800°C. The residual Si:N-H oscillators (whose 2 nd har- 
monics could cause an optical absorption between 
1.445 and 1.515 u.m) are completely eliminated as the 
total deposition pressure is increased from 2.00 Torr to 
2.60 Torr. The residual SiN-H oscillators (whose 2 nd har- 
monics could cause an optical absorption between 
1 .445 and 1 .479 um) are also completely eliminated as 
the total deposition pressure is increased from 2.00 Torr 
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to 2.60 Torr. The residual SiO-H oscillators (whose 2 nd 
harmonics could cause an optical absorption between 
1 .408 and 1.441 um) are also completely eliminated as 
the total deposition pressure is increased from 2.00 Torr 
to 2.60 Torr. 5 
[0040] It is then very easy to achieve high optical qual- 
ity silica films after a 180 minutes thermal treatment in 
a nitrogen ambient at a reduced temperature of 800°C 
using the technique described in our co-pending US pat- 
ent application serial no. 09/833,711. 10 
[0041] Our co-pending US patent application serial 
no. 09/799,491 shows the spectacular effect of a fifth 
independent variable, the phosphine, PH 3 , gas flow, on 
the optimization of the optical properties of the various 
buffer (cladding) and core waveguides in a six-dimen- 15 
sional space. The first independent variable, the SiH 4 
gas flow, is fixed at 0.20 std litre/mi. The second inde- 
pendent variable, the N 2 0 gas flow, is fixed at 6.00 std 
litre/min. The third independent variable, the N 2 gas 
flow, is fixed at 3.1 5 std litre/min. The fourth independent 20 
variable, the PH 3 gas flow, is varied between 0.00 std 
litre/min, 0.12 std litre/min; 0.25 std litre/min; 0.35 std 
litre/min; 0.50 std litre/min; and 0.65 std litre/min. 
[0042] The fifth. independent variable, the total depo- 
sition pressure, is fixed at 2.60 Torr 25 
[0043] The sixth dimension is the observed FTIR 
characteristics of various buffer (cladding) and core 
waveguides, as reported in: Figure 3c, Figure 4c, Figure 
5c, Figure 6c, Figure 7c, Figure 8c, & Figure 9c. 
[0044] Figure 3c, Figure 4c, Figure 5c, Figure 6c, Fig- so 
ure 7c, Figure 8c and Figure 9c show the FTIR spectra 
of PECVD silica films deposited using a commercially 
available PEGVD system, the "Concept One" system 
manufactured by Novellus Systems in California, USA, 
using the fixed optimum total deposition pressure and 35 
the fixed flow rates of silane (SiH 4 ), of nitrous oxide 
(N 2 0) and of nitrogen (N 2 0), as described in our co- 
pending US patent application serial no. 09/799,491. 
These spectra are obtained after a high temperature 
thermal treatment for 1 80 minutes in a nitrogen ambient 40 
at a fixed temperature of only 800°C in a standard dif- 
fusion tube. It is clear that the technique described in 
our co-pending patent application allows the achieve- 
ment of high optical quality silica waveguides after a 1 80 
minutes thermal treatment in a nitrogen ambient at a re- 45 
duced temperature of 800° C: 
[0045] Figure 3c shows that the intense and small 
FWHM Si-OrSi "rocking mode" absorption peak (cen- 
tred at 460 cm- 1 ) and Si-O-Si "in-phase-stretching 
mode" absorption peak (centred at 1080 cnrr 1 ) of the so 
fixed deposition pressure of 2.60 Torr of Figure 3b is 
maintained in Figure 3c as the PH 3 flow rate is gradually 
increased from 0.00 std litre/min to 0.65 std litre/min. 
This means that at a fixed deposition pressure of 2.60 
Torr, the control of the PH 3 gas flow independently of 55 
the SiH 4 gas flow, of the N 2 0 gas flow and of the N 2 gas 
flow has no effect on the basic FTIR spectra of the treat- 
ed silica films; 



[0046] Figure 4c shows that an even more gradual 
elimination of the S'hOH oscillators (centered at 885 
cm" 1 ) is observed at the total deposition pressure of 2.60 
Torr as the PH 3 flow rate is increased from 0.00 std litre/ 
min to 0.65 std litre/min. Figure 4c also shows that a 
gradual elimination of the Si-ON oscillators (centred at 
950 cm -1 ) is also observed at the total deposition pres- 
sure of 2.60 Torr as the PH 3 flow rate is increased from 
0.00 std litre/min up to the optimum 0.25 std litre/min 
followed by a very slight degradation as the PH 3 flow 
rate is increased further more up to 0.65 std litre/min. 
This spectacular improved elimination of the residual 
Si-ON oscillators after a 180 minutes thermal treatment 
of only 800°C contrasts with the upper-mentioned re- 
sults of typical PECVD silica films of Figure 4a which 
still incorporate a lot of Si-ON oscillators even after a 
thermal treatment in a nitrogen ambient at a much high- 
er temperature of 1100°C. This also contrasts with the 
upper-mentioned results of PECVD buffer (cladding) 
deposited at a non-optimized pressure of less than 2.40 
Torr as described in our co-pending US patent applica- 
tion serial no. 09/833,711 of Figure 4b which still incor- 
porate a large number of Si-ON oscillators even after a 
180 minutes thermal treatment in a nitrogen ambient at 
a much higher temperature of 800°C: The optimum sep- 
aration and deep valley between the Si-O-Si "in-phase- 
stretching mode" absorption peak (1080 cm- 1 ) and the 
Si-O-Si "bending mode" absorption peak (810 cnr 1 ) of 
the fixed deposition pressure of 2.60 Torr of Figure 4b 
is maintained and in fact slightly improved as the PH 3 
flow rate is gradually increased from 0.00 std litre/min 
to 0.35 std litre/min. 

[0047] Figure 5c shows that a gradual appearance of 
the P=0 oscillators (centered at 1330 cm' 1 and which 
does not have a higher harmonics which could cause 
optical absorption in the 1.30 to 1.55 u.m optical bands) 
is observed at the total deposition pressure of 2.60 Torr 
as the PH 3 flow rate is increased from 0.00 std litre/min 
to 0.65 std litre/min. This FTIR absorption peak is used 
to calibrate the phosphorus incorporation in core. 
[0048] Figure 6c shows that of the N=N oscillators 
(centered at 1 555 cm -1 ) are completely eliminated at the 
total deposition pressure of 2.60 Torr for all PH 3 flow rate 
values from 0.00 std litre/min to 0.65 std litre/min. This 
contrasts with the upper-mentioned results of typical 
PECVD silica films of Figure 6a which require a 1 80 min- 
utes thermal treatment in a nitrogen ambient at a tem- 
perature of 1000°C in order to achieve similar results. 
This also contrasts with the upper-mentioned results of 
PECVD buffer (cladding) deposited at a non-optimized 
pressure of less than 2.40 Torr by our co-pending US 
patent application serial no. 09/833,711 ' of Figure 6b 
which still incorporate a large number of N=N oscillators 
even after a 1 80 minutes thermal treatment in a nitrogen 
ambient at a much higher temperature of 800°C. 
[0049] Figure 7c shows that the Si=0 oscillators (cen- 
tered at 1875 cm -1 ) and the unknown oscillator (cen- 
tered at 2010 cm- 1 ) at the total deposition pressure of 
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2.60 Ton are not influenced by the PH 3 flow rate from 
0.00 std litre/min to 0.65 std litre/min. These effects are 
not that important since only the fourth harmonics of the 
Si=0 oscillators could absorb in the 1 .30 to 1 .55 u.m op- 
tical bands; 5 
[0050] Figure 8c shows that the Si-H oscillators (cen- 
tered at 2260 cm -1 and which third harmonics could 
cause an optical absorption between 1.443 and 1.508 
u.m) at the total deposition pressure of 2.60 Ton are still 
completely eliminated by any of all PH 3 flow rates from 10 
0.00 std litre/min to 0.65 std litre/min. 
[0051] Figure 9c shows that the complete elimination 
of the Si:N-H oscillators (centered at 3380 cm- 1 whose 
2 nd harmonics could cause an optical absorption be- 
tween 1 .445 and 1 .51 5 urn) at the total deposition pres- 1 5 
sure of 2.60 Torr is maintained for ail PH 3 flow rates from 
0.00 std litre/min to 0.65 std litre/min. This contrasts with 
the upper-mentioned results of typical PECVD silica 
films which require a thermal treatment in a nitrogen am- 
bient at a temperature of 1 1 00°C in order to achieve sim- 20 
ilar results. This also contrasts with the upper-men- 
tioned results of PECVD buffer (cladding) deposited at 
a non-optimized pressure of less than 2.40 Ton- by our 
co-pending US patent application serial no. 09/833,711 
of Figure 9b which still incorporate a lot of Si:N-H oscil- 25 
lators even after a 180 minutes thermal treatment in a 
nitrogen ambient at a much higher temperature of 
800°C. 

[0052] Figure 9c also shows that the a spectacular 
complete elimination of the SiN-H oscillators (centered 30 
at 3420 cm -1 whose 2 nd harmonics could cause an op- 

_ tical absorption.between1.445.and J .479.um).at.the.tch 

tal deposition pressure of 2.60 Torr is also maintained 
for all PH 3 flow rates from 0.00 std litre/min to 0.65 std 
litre/min. This contrasts with the upper-mentioned re- 35 
suits of typical PECVD silica films which require a ther- 
mal treatment in a nitrogen ambient at a temperature of 
1 000°C in order to achieve similar results. This also con- 
trasts with the upper-mentioned results of PECVD buffer 
(cladding) deposited at a non-optimized pressure of less <o 
than 2.40 Torr by our co-pending US patent application 
serial no. 09/833,711 of Figure 9b which stiii incorporate 
a lot of SiN-H oscillators even after a 1 80 minutes ther- 
mal treatment in a nitrogen ambient at a much higher 
temperature of 800° C. 45 
[0053] Figure 9c also shows that the complete elimi- 
nation of the SiO-H oscillators (centered at 3510 cm- 1 
whose 2 nd harmonics could cause an optical absorption 
between 1.408 and 1.441 um) at the total deposition 
pressure of 2.60 Torr is maintained for all PH 3 flow rates so 
from 0.00 std litre/min to 0.65 std litre/min. This con- 
trasts with the upper-mentioned results of typical 
PECVD silica films which require a thermal treatment in 
a nitrogen ambient at a temperature of 900° C in order 
to achieve similar results. Finally, Figure 9c also shows 55 
that the complete elimination of the HO-H oscillators 
(centered at 3650 cm- 1 whose 2 nd harmonics could 
cause an optical absorption between 1.333 and 1.408 
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urn) at the total deposition pressure of 2.60 Torr is main- 
tained for all PH 3 flow rates from 0.00 std litre/min to 
0.65 std litre/min. 

[0054] It is clear from the various FTIR spectra that 
our co-pending US patent application serial no. 
09/799,491 allows the use of various PH 3 flow rates 
from 0.00 std litre/min to 0.65 std litre/min. to achieve 
the required 'delta-n' after a 180 minutes thermal treat- 
ment in a nitrogen ambient at a reduced temperature of 
800°C while maintaining excellent optical quality. 
[0055] However, with this 180 minutes thermal treat- 
ment in a nitrogen ambient at a reduced temperature of 
800°C are associated some residual stress-induced 
mechanical problems of deep-etched optical elements 
(mechanical movement of the side-walls), some resid- 
ual stress-induced mechanical problems at the buffer/ 
core interface or at the core/cladding interface (micro- 
structural defects, micro-voiding and separation) and 
some residual stress-induced optical problems (polari- 
sation dependant power loss). 
[0056] Figure 10 shows the stress hysteresis in a ni- 
trogen ambient of buffer (cladding) and core during the 
heating of the silicon wafer from room temperature to 
800°C, during its stabilization for 180 minutes at 800°C 
and during its natural cooling from 800°C to room tem- 
perature. 

[0057] Figure 1 0 shows that the mechanical stress of 
buffer (cladding) is compressive at about - 250MPa prior 
to the stress hysteresis cycle; is compressive through- 
out the complete stress hysteresis cycle; decreases al- 
most linearly as the temperature increases linearly; an 
expected-situation since-the~(almosUconstant) .coeffi- 
cient of linear expansion of silica-based buffer (clad- 
ding) is smaller than the one of the underlying silicon; 
and shows three plastic deformation regions during the 
stress hysteresis cycle, namely Region B1 , from 450°C , 
to 575° C, where it decreases much faster than what is 
expected from a linear decrease associated with its 
elastic deformation; Region B2, from 575°C to 650°C, 
where it is almost constant; and Region B3, during the 
180 minutes stabilization at 800°C, where it decreases 
as the temperature remains unchanged. The mechani- 
cal stress of buffer (cladding) is also compressive at 
about -150MPa after the stress hysteresis cycle. 
[0058] In addition Figure 1 0 shows that the mechani- 
cal stress of core is tensile at about 175MPa prior to the 
stress hysteresis cycle; is tensile throughout the com- 
plete stress hysteresis cycle; and increases almost lin- 
early as the temperature increases linearly. This is an 
expected situation since the (almost constant) coeffir 
cient of linear expansion of silica-based core is smaller 
than the one of the underlying silicon. 
[0059] Figure 10 also shows two plastic deformation 
regions during the stress hysteresis cycle, namely Re- 
gion C1 , from 450°C to 675°C, where the stress revers- 
es its trends and in fact decreases as the temperature 
is increasing; and Region C2, from 675°C to 800°C, 
where it is almost constant. The stress is tensile at about 
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40MPa after the stress hysteresis cycle. 
[0060] Figure 10 shows that the optical elements of 
the device are to be prepared from a (compressive 
stress buffer)/(terisile stress core) combination bi-layer 
after a thermal treatment for 180 minutes in a nitrogen 5 
ambient at a reduced temperature of 800°C. To this par- 
ticular combination are associated some residual 
stress-induced mechanical problems of deep-etched 
optical elements (mechanical movement of side-walls), 
some residual stress-induced mechanical problems at 10 
the buffer/core or core/cladding interfaces (micro-struc- 
tural defects, micro-voiding and separation) and some 
residual stress-induced optical problems (polarisation 
dependant power loss). 

[0061] Optical elements, such as gratings or *5 
waveguides, require deep-etched (compressive stress 
buffer)/(tensile stress core) with vertical side-walls and 
with a seamless buffer/core interface. 
[0062] Figure 1 1 shows SEM pictures of a grating and 
a waveguide with deep-etched vertical side-walls and 20 
with a seamless buffer/core interface deep-etched 
through buffer and core. 

[0063] Figure 1 2 shows a stress-relief mechanism in- 
volving the elastic strain of such a deep-etched (com- 
pressive stress buffer)/(tensile stress core) optical ele- 25 
ment. From this sequence of three graphical represen- 
tations, it is clear that such a (compressive stress buffer) 
/(tensile stress core) deep-etched optical element will 
systematically result in a positively sloped elastic strain 
of the optica! element's side-wall. so 
[0064] This stress-relieve mechanism shows that the 
lateral strain of the compressive stress buffer forces the 
deep-etched side-wall of buffer to move outward; and 
the lateral strain of the tensile stress core forces the 
deep-etched side-wall of core to move inward. 35 
[0065] This combination of strains will systematically 
result in deep-etched (compressive stress buffer)/(ten- 
sile stress core) optical elements with a positive slope 
side-wall, i.e. a side-wall with an angle smaller than 90°. 
[0066] To estimate the amplitude of this effect, con- <o 
sider the hypothetical of zero bonding at the buffer/(sil- 
icon wafer) interface, of zero bonding at the buffer/core 
interface, and of zero bonding at the buffer/core inter- 
face. The outward elastic strain of -the side-wall of the 
compressive stress buffer, e B , and the inward elastic 45 
strain of the side-wall of the tensile stress core, Eq, would 
simply be: 

e B = a B /E B ; ^ = o c /E c 5Q 

where c B and E B are respectively the mechanical stress 
and the modulus of elasticity of buffer and where a c and 
E c are respectively the mechanical stress and the mod- 
ulus of elasticity of core. 55 
[0067] The modulus of elasticity of silica thin films 
measured by micro-indentation and measured by elec- 
trostatic membrane deflection are respectively reported 



as 70 GPa and 69 GPa in the following two references: 
Thin Solid Films, Vol. 283, p. 15, (1996); IEEE Transac- 
tions on Electron Devices, Vol. ED25, No.10, p.1249, 
(1978). 

[0068] To the -150MPa compressive stress of buffer* 
and 40MPa tensile stress of core reported in Figure 10 
at room temperature would then be associated a strain 
of about -0.21% (-0.15GPa/70GPa) for buffer and of 
about 0.057% (0.040GPa/70GPa) for core. The nega- 
tive sign indicates that the strain is outward. 
[0069] This means that the buffer portion of a S.Ojim 
wide deep-etched waveguide not bonded to the under- 
lying silicon wafer and not bonded to the core portion of 
the same deep-etched waveguide would laterally ex- 
pand by about 0.011nm (0.21% of 5u.m) and that the 
buffer portion of a 11 50u,m wide deep-etched grating not 
bonded to the underlying silicon wafer and not bonded 
to the core portion of the same deep-etched grating 
would laterally expand by about 2.46 u.m (0.21 % of 
1150u.m). Similarly the core portion of the S.Oujri wide 
deep-etched waveguide not bonded to the underlying 
buffer portion of the same deep-etched waveguide 
would laterally expand by about 0.0029yjn (0.057% of 
5u,m) and that the core portion of a 1150u,m wide deep- 
etched grating not bonded to the underlying buffer por- 
tion of the same deep-etched grating would laterally ex- 
pand by about 0.66ujti (0.057% of 11 50u.m). 
[0070] In reality, since the buffer is bonded to the un- 
derlying silicon wafer and to the upper core at the buffer/ 
core interface, the effect of the outward strain of buffer 
and of the inward strain of core would be observed as 
a noticeably different sloped side-wall for a narrow 
waveguide and for a wide grating. 
[0071 ] If we assume a 2.0 u.m deep-etched buffer and 
a 5.0 ujti deep-etch core than the single-sided strain of 
the upper core surface of the 5.0ujn wide deep-etched 
waveguide and of the 11 50um wide deep-etched grating 
could be as high as 0.0070 urn (50% * of 
(0.011+0.0029um)) and 1.56 |im (50% of 
(2.46+0.66ujn)) respectively with respect to the bottom 
of the resulting 7.0 urn deep-etch optical element. The 
expected 89.9° (90°-arctan(0.0070pjn/7.0u.m)) side- 
wall slope of the deep-etched waveguide would not be 
noticeable on a SEM picture but the expected 77.4° 
(90°-arctan(1.56ujn/7.0u.m)) side-wall slope of the 
deep-etched grating would certainly be easy to see on 
a SEM picture: 

[0072] Figure 13 shows four SEM pictures. The first 
two SEM pictures show the relative position between an 
isolated 5.0pm wide deep-etched waveguide and its 
neighboring 1150u.m wide deep-etched grating at two 
different magnifications. The third SEM picture confirms 
that side-wall of the 5.0jim wide deep-etched waveguide 
facing the neighboring grating has a slope of about 90°. 
The fourth SEM picture confirms that side-wall of the 
1150ujn wide deep-etched grating facing the neighbor- 
ing deep-etched waveguide has a much smaller slope 
of about 84°, slightly larger than the expected 77.4° 
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slope. The difference between the measured and ex- 
pected values will be discussed below. 
[0073] The mechanical stress of buffer and core must 
be minimized as to maintain the ideal verticality of the 
side-wall of the waveguides, of the grating and of the 
other integrated optical elements of the optical device 
and allow minimum power loss from undesirable reflec- 
tion and refraction of the infrared optical beams at the 
side-wall of these optical elements. 
[0074] Figure 14 shows a graphical representation of 
the variable intensity shear stress building at the (com- 
pressive stress buffer)/(tensile stress core) interface 
and at the (tensile stress core)/ (compressive stress 
clad) interface during the stress hysteresis cycle of Fig- 
ure 10 and during the various thermal treatments in a 
nitrogen ambient. 

[0075] If the bonding of the buffer/core interface or of 
the core/cladding interface is strong enough, the expo- 
sure of the various optical elements to the various ther- 
mal treatments in a nitrogen ambient can result in a 
modification of the micro-structure near these interfac- 
es. 

[0076] Figure 14 also shows some SEM pictures 
demonstrating the induced modification of the micro- 
structure of core near these buffer/core and core/cladr 
ding interfaces. 

[0077] Figure 1 5 shows a graphical representation of 
the variable intensity shear stress building at the (com- 
pressive stress buffer)/(tensile stress core) interface 
and at the (tensile stress core)/(compressive stress 
clad) interface during the stress hysteresis cycle of Fig- 
ured O-and-during-the-variousthermaUtreatments^in-a^ 
nitrogen ambient. In this case, the intensity of the shear 
stress is such that it results in the formation of micro-" 
voids in core and near the interfaces as an interfacial 
stress relief mechanism. These micro-voids are deline- 
ated during wafer preparation for SEM using a very light 
acid dip etch before loading in the electronic micro- 
scope. 

[0078] If the bonding of the buffer/core interface or of 
the core/clad interface is strong enough, the exposure 
of the various optical elements to the various thermal 
treatments in a nitrogen ambient can result in such a 
modification of the micro-structure near these interfaces 
that micro-voids are forming in core and near these in- 
terfaces. 

[0079] Figure 15 also shows some SEM pictures 
demonstrating that the induced modification of the 
microstructure of core near these buffer/core and core/ 
cladding interfaces is cause the formation of micro- 
voids. It is clear on these SEM pictures that the micro- 
voids are generated and aligned horizontally in a plane 
about 0.5 urn away from the buffer/bore interface. This 
is not that surprising since the transition from the (com- 
pressive stress buffer) to the (tensile stress core) is not 
absolutely abrupt at the interface and since micro-voids 
cannot form in a material under compressive stress. 
[0080] Figure 16 shows some SEM pictures which 



demonstrate the stress relief of the variable intensity 
shear stress building at the (compressive stress buffer) 
/(tensile stress core) interface and at the (tensile stress 
core)/(compressive stress cladding) interface during the 

5 stress hysteresis cycle of Figure 10, during the various 
thermal treatments in a nitrogen ambient or simply dur- 
ing wafer cleavage for SEM pictures. 
[0081] In this case, the bonding of the buffer/core in- 
terface (or core/cladding interface) is no longer strong 

10 enough and the core partially slips on the buffer at the 
buffer/core interface (or cladding partially delaminate 
from core at the core/cladding interface). 
[0082] in one particular case, the interface separation 
is only observed between core and buffer, indicating that 

15 core contraction is the root cause of the delami nation. 
[0083] The second SEM picture of Figure 16 shows 
the contraction of the 1150u,m wide grating. It is clear 
from this picture that a portion of core has slipped aside 
over buffer and over a distance of about 0.40p.m at the 

20 periphery of the grating. This is in line with the upper 
calculated contraction of 0.66um. The slip is again initi- 
ated from a point located at the tip of the seam of the 
cladding and slightly away from the buffer/core interface 
from which a crack did propagate horizontally in core 

25 and about 0.5u,m away from the buffer/core interface. 
Since a crack cannot propagate in a material under com- 
pressive stress, this crack propagation did require core 
to be in tensile stress. Since the transition from the com- 
pressive stress buffer to the tensile stress core is not 

30 absolutely abrupt at the interface, it is normal to see the 
crack initiation slightly away from the buffer/core inter- 

- — face. -The-tensile -stress-relief- mechanism-of -core-has- 
partially releases its energy by propagating a 0.40u.m 
long crack in the core and by allowing its side-wall to 

35 slip by 0.40jim. This lateral of core explains the differ- 
ence between the observed 84° of Figure 13 and the 
expected 77° from the upper calculation of the expected 
side-wall slope. 

[0084] Figure 1 7 and Figure 1 8 are re-plots from J.A. 

40 Stratton, 'Electromagnetic Theory 1 , Chapter 9, McGraw- 
Hill Book Company, New York, 1941 . 
[0085] Figure 17 and Figure 18 show the associated 
optical effect of the incidence angle of infrared light at 
the air/core interface on the reflection and transmission 

45 of infrared optical power (case where the infrared light 
is incoming respectively from the air side and from the 
core side of the side-wall of core a waveguide, a grating 
or of an another optical element). It is clear from Figure 
17 and Figure 18 that a stress-induced variation of the 

50 side-wall slope from 90° to 87°, 84° or to the expected 
77° will have a catastrophic effect on the loss of trans- 
mitted power of infrared light respectively propagating 
in Air or in core into the air/core interface of the tip of a 
waveguide, into the Air/core interface of the grating or 

55 into the air/core interface of other optical elements. It is 
clear from Figure 17 and Figure 18 that this stress-in- 
duced loss of power will be different for the two propa- 
gating modes states of light (i.e. TE and TM) and thus 
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that an undesirable polarization dependent power loss 
effect (i.e. birefringence effect) is expected. 
[0086] It will be observed therefore that the mechan- 
ical stresses of core, buffer and cladding play a key role 
in the side-wall slope of deep-etched optical elements. 
It is also clearly demonstrated that the thermal treatment 
fori 80 minutes in a nitrogen ambient at a reduced tem- 
perature of 800°C is associated with some residual 
stress-induced mechanical problems of deep-etched 
optical elements (mechanical movement of side-walls), 
and some residua) stress-induced mechanical problems 
at the buffer/core or core/cladding interfaces (micro- 
structural defects, micro-voiding and separation) and 
some residual stress-induced optical problems (polari- 
sation dependant power loss). An optimisation of the 
thermal treatments which allows the optical properties 
to be maintained while modifying the mechanical stress 
of the core is very important in the manufacture of such 
integrated optical elements. 

Example 

[0087] The technique in accordance with the pre- 
ferred embodiment of the invention allows the simulta- 
neous optimization of the optical and of the mechanical 
properties of buffer (cladding) and core in a seven-di- 
mensional space. This consists of a first independent 
variable, the SiH 4 flow, fixed at 0.20 std litre/min; a sec- 
ond independent variable, the N 2 0 flow, fixed at 6.00 
std litre/min; a third independent variable, the N 2 flow, 
fixed at 3.15 std litre/min; a fourth independent variable, 
the PH 3 flow, fixed at 0.50 std litre/min; a fifth independ- 
ent variable, the total deposition pressure, fixed at 2.60 
Torr; and a sixth independent variable/the post-deposi- 
tion thermal treatment being varied as follows: 

30 minutes duration thermal treatment in a nitrogen 
ambient at 600°C; 

30 minutes duration thermal treatment in a nitrogen 
ambient at 700°C; 

30 minutes duration thermal treatment in a nitrogen 
ambient at 750°C; 

30 minutes duration thermal treatment in a nitrogen 
ambient at 800°C; 

30 minutes duration thermal treatment in a nitrogen 
ambient at 850°C; 

30 minutes duration thermal treatment in a nitrogen 
ambient at 900°C. 

[0088] A seventh dimension is the observed FTIR 
characteristics of various buffer (cladding) and core sil- 
ica-based optical elements, as reported in: Figure 3d, 
Figure 4d, Figure 5d, Figure 6d, Figure 7d, Figure 8d, & 



Figure 9d: 

[0089] Figure 3d, Figure 4d, Figure 5d, Figure 6d, Fig- 
ure 7d, Figure 8d and Figure 9d show the FTIR spectra 
of PECVD silica films deposited using a commercially 

5 available PECVD system, the "Concept One" system 
manufactured by Novellus Systems in California, USA, 
using the fixed optimum total deposition pressure and 
the fixed flow rates of silane (SiH 4 ), of nitrous oxide 
(N 2 0), of nitrogen (N 2 ), and of phosphine (PH 3 ) as de- 

10 scribed in our co-pending US patent application serial 
no. 09/799,491. These spectra are obtained after 30 
minutes thermal treatments in a nitrogen ambient at var- 
ious temperatures in a standard diffusion tube. It is clear 
that this new patent application describes a way to in- 

* 5 dependency optimize the thermal treatment and the op- 
tical properties of buffer, core and cladding as to allow 
the thermal treatment optimization of the mechanical 
properties of the silica-based optical elements without 
any interaction with the optical properties stable of these 

20 optical elements: 

[0090] Figure 3d shows that the intense and small 
FWHM Si-O-Si "rocking mode" absorption peak (cen- 
tred at 460 cm* 1 ) and Si-O-Si "in-phase-stretching 
mode" absorption peak (centred at 1080 cm* 1 ) of the 

25 fixed deposition pressure of 2:60 Torr of Figure 3b and 
of the fixed PH 3 flow rate of 0.50 std litre/min of the Fig- 
ure 3c is maintained as the temperature of the 30 min- 
utes thermal treatments in a nitrogen ambient is gradu- 
ally decreased from 900° C to 600°C. This means that 

30 independently of the SiH 4 gas flow of the N 2 0 gas flow 
of the N 2 gas flow and of the PH 3 gas flow and as long 
as the deposition pressure is fixed to 2.60 Torr, the basic 
FTIR spectra of silica-based optica! components are not 
affected by the temperature variation (between 600°C 

35 and 900°C) of the 30 minutes thermal treatment in a ni- 
trogen ambient; 

[0091] Figure 4d shows that the elimination of the 
Si-OH oscillators (centered at 885 cm* 1 ) of the fixed dep- 
osition pressure of 2.60 Torr of Figure 4b and of the fixed 

40 ph 3 flow rate of 0.50 std litre/min of the Figure 4c is 
maintained. Figure 4d also shows that the elimination of 
the Si-ON oscillators (centred at 950 cm* 1 ) of the fixed 
deposition pressure of 2.60 Torr of Figure 4b and of the 
fixed PH 3 flow rate of 0.50 std litre/min of the Figure 4c 

45 is also maintained. This very spectacular improved elim- 
ination of the residual Si-ON oscillators after a 30 min- 
utes thermal treatment of only 600°C contrasts with the 
upper-mentioned results of typical PECVD silica films of 
Figure 4a which still incorporate a lot of Si-ON oscillators 

50 even after a 1 80 minutes thermal treatment in a nitrogen 
ambient at a much higher temperature of 1100°C. This 
also contrasts with the upper-mentioned results of 
PECVD buffer (cladding) deposited at a non-optimized 
pressure of less than 2.40 Torr by our co-pending US 

55 patent application serial no. 09/833,711 of Figure 4b 
which still incorporate a large number of Si-ON oscilla- 
tors even after a 180 minutes thermal treatment in a ni- 
trogen ambient at a much higher temperature of 800°C. 
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The optimum separation and deep valley between the 
Si-O-Si "in-phase-stretching mode" absorption peak 
(1080 cm- 1 ) and the Si-O-Si "bending mode" absorption 
peak (810 cm* 1 ) of the fixed deposition pressure of 2.60 
Torr of Figure 4b and of the fixed PH 3 flow rate of 0.50 
std litre/min of the Figure 4c is also maintained. This 
means that this new technique allows the elimination of 
the Si-OH oscillators and of the the Si-ON oscillators in- 
dependently of the thermal treatment of buffer, core and 
cladding as to allow the thermal treatment optimization 
of the mechanical properties of the silica-based optical 
elements without any interaction with the Si-OH oscilla- 
tors and of the the Si-ON oscillators of these optical el- 
ements. 

[0092] Figure 5d shows the gradual appearance of 
the P=0 oscillators (centered at 1330 cm" 1 and which 
does not have a higher harmonics which could cause 
optical absorption in the 1.30 to 1.55 u.m optical bands) 
as the temperature of the 30 minutes thermal treatment 
in a nitrogen ambient is increased from 600°C to 900°C. 
[0093] Figure 6d shows that the elimination of the 
N=N oscillators (centered at 1 555 cnrr 1 ) of the fixed dep- 
osition pressure of 2.60 Torr of Figure 6b and of the fixed 
PH 3 flow rate of 0.50 std litre/min of the Figure 6c is 
maintained. This also contrasts with the upper-men- 
tioned results of typical PECVD silica films of Figure 6a 
which require a 180 minutes thermal treatment in a ni- 
trogen ambient at a temperature of 1000°C in order to 
achieve similar results. This also contrasts with the up- 
per-mentioned results of PECVD buffer (cladding) de- 
posited at a non-optimized pressure of less than 2.40 
-Torr-in-our-co-pending-US-patent-application-serial-no^ 
09/833,711 of Figure 6b which still incorporate a large 
number of N=N oscillators even after a 180 minutes 
thermal treatment in a nitrogen ambient at a much high- 
er temperature of 800°C. This means that this new tech- 
nique allows the elimination of the.N=N oscillators inde- 
pendently of the thermal treatment of buffer, core and 
cladding as to allow the thermal treatment optimization 
of the mechanical properties of the silica-based optical 
elements without any interaction with the N=N oscilla- 
tors of these optical elements. 
[0094] Figure 7d shows that the Si=0 oscillators (cen- 
tered at 1875 cm- 1 ) and the unknown oscillator (cen- 
tered at 2010 cm' 1 ) of the fixed deposition pressure of 
2.60 Torr of Figure 7b and of the fixed PH 3 flow rate of 
0.50 std litre/min of the Figure 7c are unchanged. These 
effects are not that important since only the fourth har- 
monics of the Si=0 oscillators could absorb in the 1 .30 
to 1 .55 urn optical bands; 

[0095] Figure 8d shows that the elimination of the Si- 
H oscillators (centered at 2260 cm- 1 and which third har- 
monics could cause an optical absorption between 
1 .443 and 1 .508 urn) of the fixed deposition pressure of 
2.60 Torr of Figure 8b and of the fixed PH 3 flow rate of 
0.50 std litre/min of the Figure 8c is maintained. This 
means that this new technique allows the elimination of 
the Si-H oscillators independently of the thermal treat- 
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ment of buffer, core and cladding as to allow the thermal 
treatment optimization of the mechanical properties of 
the silica-based optical elements without any interaction 
with the Si-H oscillators of these optical elements. 
[0096] Figure 9d shows that the spectacular complete 
elimination of the Si:N-H oscillators (centered at 3380 
cm* 1 whose 2 nd harmonics could cause an optical ab- 
sorption between 1 .445 and 1 .51 5 urn) of the fixed dep- 
osition pressure of 2.60 Torr of Figure 9b and of the fixed 
PH 3 flow rate of 0.50 std litre/min of the Figure 9c is 
maintained. This contrasts with the upper-mentioned re- 
sults of typical PECVD silica films of Figure 9a which 
require a 180 minutes thermal treatment in a nitrogen 
ambient at a temperature of 1100°C in order to achieve 
similar results. This also contrasts with the upper-men- 
tioned results of PECVD buffer (cladding) deposited at 
a non-optimized pressure of less than 2.40 Torr in our 
co-pending US patent application serial no. 09/833,711 
of Figure 9b which still incorporate a lot of Si:N-H oscil- 
lators even after a 180 minutes thermal treatment in a 
nitrogen ambient at a much higher temperature of 
800°C. Figure 9d shows that the a spectacular complete 
elimination of the SiN-H oscillators (centered at 3420 
cm -1 whose 2 nd harmonics could cause an optical ab- 
sorption between 1 .445 and 1 .479 urn) of the fixed dep- 
osition pressure of 2.60 Torr of Figure 9b and of the fixed 
PH 3 flow rate of 0.50 std litre/min of the Figure 9c is also 
maintained. This contrasts with the upper-mentioned re- 
sults of typical PECVD silica films of Figure 9a which 
require a thermal treatment in a nitrogen ambient at a 
temperature of 1000°C in order to achieve similar re- 
- sultSr-This-also-contrasts-with-the-upper-mentioned-re— 
suits of PECVD buffer (cladding) deposited at a non-op- 
timized pressure of less than 2.40 Torr in our co-pending 
US patent application serial no. 09/833,711 of Figure 9b 
which still incorporate a large number of Si:N-H oscilla- 
tors even after a 180 minutes thermal treatment in a ni- 
trogen ambient at a much higher temperature of 800°C. 
Figure 9d also shows that the complete elimination of 
the SiO-H oscillators (centered at 3510 cm" 1 whose 2 nd 
harmonics could cause an optical absorption between 
1 .408 and 1 .441 urn) of the fixed deposition pressure of 
2.60 Ton* of Figure 9b and of the fixed PH 3 flow rate of 
0.50 std litre/min of the Figure 9c is maintained. This 
contrasts with the upper-mentioned results of typical 
PECVD silica films which require a thermal treatment in 
a nitrogen ambient at a temperature of 900°C in order 
to achieve similar results. Finally, Figure 9d also shows 
that the complete elimination of the HO-H oscillators 
(centered at 3650 cm- 1 whose 2 nd harmonics could 
cause an optica! absorption between 1 .333 and 1 .408 
urn) of the fixed deposition pressure of 2.60 Torr of Fig- 
ure 9b and of the fixed PH 3 flow rate of 0.50 std litre/min 
of the Figure 9c is maintained. This means that this new 
technique allows the elimination of the Si:N-H oscilla- 
tors, of the SiN-H oscillators, of the SiO-H oscillators and 
of the HO-H oscillators independently of the thermal 
treatment of buffer, core and cladding as to allow the 
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thermal treatment optimization of the mechanical prop- 
erties of the silica-based optical elements without any 
interaction with the Si:N-H oscillators, with the SiN-H os- 
cillators, with the SiO-H oscillators or with the HO-H os- 
cillators of these optical elements. 
[0097] It is clear from these various FTIR spectra that 
this new technique allows the elimination of the various 
thermally-induced and stress-related residual mechan- 
ical problems by the optimisation of the thermal treat- 
ment (i.e. the use of the Regions B1 , B2, B3, C1 and C2 
of the stress hysteresis of Figure 10) without affecting 
the optical absorption properties of optical elements in 
the 1 .55 p.m wavelength (and/or 1 .30 wavelength) opti- 
cal region. 

[0098] It is then dear from these various FTIR spec- 
tra, from the stress hysteresis of buffer, core and clad- 
ding and from the various presented SEM pictures that 
this new technique is key to achieving the required 'del- 
ta-n' while eliminating the undesirable residual Si:N-H 
oscillators (observed as a FTIR peak centered at 3380 
cm -1 whose 2 nd harmonics could cause an optical ab- 
sorption between 1.445 and 1.515 u.m), SiN-H oscilla- 
tors (centered at 3420 cm" 1 whose 2 nd harmonics could 
cause an optical absorption between 1.445 and 1.479 
urn) and SiO-H oscillators (centered at 3510 cm* 1 and 
whose 2 nd harmonics could cause an optical absorption 
between 1 .408 and 1 .441 u.m) after an optimised ther- 
mal treatment in a nitrogen ambient which can provide 
improved silica-based optical elements with reduced 
optical absorption in the 1.55 urn wavelength (and/or 
1.30 wavelength) optical region without the residual 
stress-induced mechanical problems of deep-etched 
optical elements (mechanical movement of side-walls), 
without the residual stress-induced mechanical prob- 
lems at the buffer/core or core/cladding interfaces (mi- 
cro-structural defects, micro-voiding and separation) 
and without the residual stress-induced optical prob- 
lems (polarisation dependant power loss). 
[0099] It will be apparent to one skilled in the art that 
many variations of the invention are possible. The 
PECVD silica films could be deposited at a temperature 
different than 400° C. It could be deposited at any tem- 
perature between 100 and 650°C. 
[01 00] The PECVD equipment could be different than 
the Noveltus Concept One. The requirement is to pro- 
vide independent control of the four basic control pa- 
rameters: SiH 4 gas flow rate, N 2 0 gas flow rate, N 2 gas 
flow rate and total deposition pressure. 
[0101] The buffer (cladding) local optimum (SiH 4 gas 
flow of 0.20 std litre/min, N 2 0 gas flow of 6.00 std litre/ 
min, N 2 gas flow of 3.15 std litre/min and a total depo- 
sition pressure of 2.60 Torr) is this four-independent- 
variables space could have a different set of coordinates 
(SiH 4 , N 2 0, N 2 , deposition pressure) using the same 
Novel lus Concept One equipment. 
[01 02] The buffer (cladding) local optimum could have 
a different set of coordinates (SiH 4 , N 2 0, N 2 , deposition 
pressure) in another PECVD equipment. 



[01 03] The core local optimum (SiH 4 gas flow of 0.20 
std litre/min, N 2 0 gas flow of 6.00 std litre/min, N 2 gas 
flow of 3.15 std litre/min, PH 3 gas flow of 0.57 std litre/ 
min, and a total deposition pressure of 2.60 Torr) is this 
5 five-independent-variables space could have a different : 
set of coordinates (SiH 4 , N 2 0, N 2 , PH 3 , deposition pres- 
sure) using the same Novellus Concept One equipment. 
[0104] The core local optimum could have a different 
set of coordinates (SiH 4 , N 2 0, N 2 , PH 3> deposition pres- 
to sure) in another PECVD equipment. The 'delta-n' could 
be different than 0.015 and range between 0.005 and 
0.020. 

[0105] The SiH 4 silicon raw material gas could be re- 
placed by an alternate silicon containing gas, such as: 

*5 silicon tetra-chloride, SiCl 4 , silicon tetra-fluoride, SiF 4 , 
disilane, Si 2 H 6 , dichloro-silane, SiH 2 CI 2 , chloro-fluoro- 
silane SiCI 2 F 2 , difluoro-silane, SiH 2 F 2 or any other sili- 
con containing gases involving the use of hydrogen, H, 
chlorine, CI, fluorine, F, bromine, Br, and iodine, I. 

20 [0106] The N 2 0 oxidation gas could be replaced by 
an alternate oxygen containing gas, such as: oxygen, 
0 2 , nitric oxide, N0 2 , water, H 2 0, hydrogen peroxide, 
H 2 0 2 , carbon monoxide, CO or carbon dioxide, C0 2 . . 
[01 07] The N 2 carrier gas could be replaced by an al- 

25 ternate carrier gas, such as: helium, He, neon, Ne, ar- 
gon, Ar or krypton, Kr. 

[0108] The PH 3 doping gas could be replaced by an 
alternate gas, such as: diborane, B 2 H B , Arsine (AsH 3 ), 
Trtanium hydride, TiH 4 or germane, GeH 4 , Silicon 

30 Tetrafluoride, SiF 4 of carbon tetrafluoride, CF 4 . 

[0109] The high temperature thermal treatment in ni- 
trogen can be performed at a temperature different than 
800°C. The preferred range is from 400 to 1200°C. 
[0110] The high temperature thermal treatment can 

35 be performed in a different ambient than nitrogen. Other 
ambient gases or mixtures of gases may include oxy- 
gen, 0 2 , hydrogen, H 2 , water vapour, H 2 0, argon, Ar, 
fluorine, F 2 , carbon tetrafluoride, CF 4 , nitrogen trifluo- 
ride, NF 3 , hydrogen peroxide, H 2 0 2 . 

40 [0111] The optical region of interest is not limited to 
the 1.30 to 1.55 \ur\ optical region since the higher os- 
cillation harmonics of the eliminated oscillators have 
other optical benefits at longer or shorter wavelengths. 
The wavelengths of the first, second, third and fourth 

45 harmonics of these oscillators are to be covered by this 
patent. 

[0112] The invention has application in may devices 
other than Mux or Dmux devices. The following is a list 
of suitable devices, which is not intended to be exhaus- 

50 tive: Add-After-Drop Filters (AADF) devices; Arrayed 
Wave Guide (AWG) and Arrayed Wave Guide Grating 
(AWGG) devices; thermal Arrayed Wave Guide 
(AAWGG) devices; Charged Coupled Devices (CCD) 
devices; Distributed Feedback Laser Diode (DFB-LD) 

55 devices; Erbium Doped Fiber Amplifier (EDFA) devices; 
Fiber-To-The-Home (FTTH) application devices; Four 
Wave Mixing (FWM) devices; Fresnel Mirror (FM) de- 
vices; Laser Diode (LD) devices; Light Emitting Diodes 
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(LED) devices; Mach-Zenhder (MZ), Mach-Zenhder 
Interferometer (MZI), Mach-Zenhder Interferometer 
Multiplexer (MZIM) devices; Micro-Opto-Electro-Me- 
chanical Systems (MOEMS) devices; Monitor Photo Di- 
ode (MPD) devices; Multi-Wavelength Optical Sources 
(MWOS) devices; Optical Add/Drop Multiplexers 
(OADM) devices; Optical Amplifier (AF) devices; Optical 
CrossConnect (OCC, OXC) devices; Optical Cross 
Point (OCP) devices; Optical Filter (OF) devices; Optical 
lnterferometer(OI)devices; Optical Network Unit (ONU) 
devices; Optical Saw Wave (OSW) devices; Optical 
Splitter (OS) devices; Optical Switch (OSW) and Optical 
Switch Module (OSM) devices; Photonic ATM (PATM) 
switching devices; Planar Lightwave Circuits (PLC) de- 
vices; Positive Emitter Coupled Logic (PECL) devices; 
Quarter Wave (QW) devices; Receiver Photo Diode 
(RPD) devices; Semiconductor Optical Amplifier (SOA) 
devices; Spot-Size converter integrated Laser Diode 
(SS-LD) devices; Sub-Carrier Multiplexing Optical Net- 
work Unit (SCM-ONU) devices; Temperature Insensi- 
tive Arrayed Wave Guide (TI-AWG) devices; Therrno- 
Optic (TO) devices and Thermo-Optic Switch (TOS) de- 
vices; Time Compression Multiplexing - Time Division 
Multiple Access (TCM-TDMA) devices; Time Division 
Multiplexing (TDM) devices; Tunable Receiver (TR) de- 
vices; Uniform-Loss Cyclic-Frequency Arrayed Wave 
Guide (ULCF-AWG) devices; Vertical Cavity Surface 
Emitting Laser (VCSEL) devices; Wavelength Disper- 
sive Multiplexing (WDM), Wavelength Dispersive Multi- 
plexing Transceivers (WDMT) devices; Micro-Electro- 
Mechanical Systems (MEMS) device: Information Tech- 
nologies-MEMS-devices;-Medical/Biochemical-MEMS- 
devices: Biochip devices; Lab-On-A-Chip (LOAC) de- 
vices; Micro-Total Analysis System (ji-TAS) devices; 
Automotive MEMS devices; Industrial/Automation 
MEMS devices; Environmental Monitoring MEMS de- 
vices; Telecommunications MEMS devices. 
[0113] Although the invention has been . described 
and illustrated in detail, it is clearly understood that the 
same is by way of illustration and example and is not to 
be taken byway of limitation, the spirit and scope of the 
invention being limited only by the terms of the append- 
ed claims. 



Claims 



deposition pressure; and 
e) applying a post deposition heat treatment to 
the deposited film at a temperature selected to 
optimize the mechanical properties without af- 
fecting the optical properties determined in 
steps a to d. 

2. A method as claimed in claim 1 , further comprising 
independently setting a predetermined flow rate for 
a dopant gas. 

3. A method as claimed in claim 1 or 2, wherein the 
observed FTIR characteristics of the deposited film 
are monitored to determine the optimum post dep- 
osition heat treatment temperature. 

4. A method as claimed in any one of claims 1 to 3, 
wherein the post deposition heat treatment temper- 
ature lies in the range 600 to 900°C. 

5. A method as claimed in claim 4, wherein the depo- 
sition is carried out at a temperature in the range 
100to650°C. 



25 6. A method as claimed in claim 5, wherein the depo- 
sition is carried out at a temperature of about 400° C. 

7. A method as claimed in any one of claims 1 to 6, 
wherein the raw material gas is selected from the 

30 group consisting : silane, SiH 4 ; silicon tetrachlo- 
ride, SiCI 4 ; silicon tetra-fluoride, SiF 4 ; disilane, 

. — ~.Si2H 6 fdichlon>silanerSiH 2 Cl2rChloro-fluoro-silane- 
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SiCI 2 F 2 ; difluoro-silane, SiH 2 F 2 ; and any other sili- 
con containing gas containing hydrogen, H, chlo-* 
rine, CI, fluorine, F, bromine, Br, or iodine, I. 

A method as claimed in claim 7, wherein the oxida- 
tion gas is selected from the group consisting of: 
nitrous oxide, N 2 0; 0 2 , nitric oxide, N0 2 ; water,. 
H 2 0; hydrogen peroxide, H 2 0 2 ; carbon monoxide, 
CO; and carbon dioxide, C0 2 

A method as claimed in daim 8, wherein the carried 
gas is selected from the group consisting of nitro- 
gen, N 2 ; helium, He; neon, Ne; argon, Ar; or kryp- 
ton, Kr. 



A method of depositing an optical quality silica film 
by PECVD (Plasma Enhanced Chemical Vapor 
Deposition), comprising: 

a) independently setting a predetermined flow 
rate for a raw material gas; 

b) independently setting a predetermined flow 
rate for an oxidation gas; 

c) independently setting a predetermined flow 
rate for a carrier gas; 

d) independently setting a predetermined total 
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10. A method as claimed in claim 2, wherein the dopant 
gas is selected from the group consisting of phos- 
phene, PH 3 ; diborane, B 2 H 6 ; Arsine (AsH 3 ); Titani- 
um hydride, TiH 4; ; germane, GeH 4 ; Silicon Tetraflu- 
oride, SiF 4; ; and carbon tetrafluoride, CF 4 . 

11. A method as claimed in claim 2, wherein the raw 
material gas is SiH 4 , the oxidation gas is N 2 0, the 
carrier gas is N 2 , and the dopant gas is PH 3 . 

12. A method as claimed in claim 11, wherein the SIH 4 
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gas flow is set at about 0.2 std liters/min., the N 2 0 > 
gas flow is set at about 6.00 std liters/min., the N2 
flow is set at about 3.15 liters/min., and the PH 3 is 
set at about 0.50 std liters/min. 

13. A method of depositing an optical quality silica film 
by PECVD (Plasma Enhanced Chemical Vapor 
Deposition), comprising: 

a) independently setting a flow rate for SiH 4 at 
about 0.2 std liters/min.; 

b) independently setting a flow rate for N20 at 
about 6.00 .2 std liters/min.; 

c) independently setting a flow rate for a carrier 
gas; 

d) independently setting a predetermined total 
deposition pressure; and 

e) applying a post deposition heat treatment to 
the deposited film at a temperature between 
600° and 900°C selected to optimize the me- 
chanical properties without affecting the optical 
properties determined in steps a to d. 

14. A method as claimed in claim 13, wherein the carrier 
gas is N 2 and the flow rate is set at about 3.152 std 25 
liters/min. 

1 5. A method as claimed in claim 14, further comprising 
independently setting a predetermined flow rate for 

a dopant gas. 30 

16. A method as claimed in claim 15, wherein the do- 
pant gas is PH 3 and the flow rate is set at about 0.50 
std liters/min. 

35 

17. , A method as claimed in claim 1 5, wherein the total 
deposition pressure is set at about 2.6 Torr. 

18. A method as claimed in any one of claims 13 to 17, 
wherein the observed FTIR characteristics of the *o 
deposited film are monitored to determine the opti- 
mum post deposition heat treatment temperature. 

19. A method as claimed in any one of claims 13 to 18, 
wherein said deposited film forms a buffer, core or 45 
cladding of an optical component. 

20. A method as claimed in claim 19, wherein said op- 
tical component is a multiplexer or demultiplexer. 

50 
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Figure 1 
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Figure 2 
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Figure 3a 
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Figure 3b 
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Figure 3c 
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Figure 3d 
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Figure 4a 
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Figure 4b 
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Figure 4c 
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Figure 4d 
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Figure 5c 
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Figure 5d 
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Figure 6a 




30 



EP 1 295 963 A2 



Figure 6b 
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Figure 6c 
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Figure 6d 
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Figure 7a 
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Figure 7b 
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Figure 7c 
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Figure 7d 
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Figure 8a 
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Figure 8b 
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Figure 8c 
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Figure 9a 
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Figure 9b 
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Figure 9c 
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Figure 9d 
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Figure 10 
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Figure 12 
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Figure 15 
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Figure 16 
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Figure 17 
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Figure 18 
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